Introduction
The soil profile encompasses a remarkably large range of biogeochemical conditions, processes, and fluxes. For example, in most soils the turnover time of soil organic carbon (SOC) varies more between the soil surface and 1 m deep than between surface soils in the tropics vs. the Arctic (Torn et al., 2009) . Radiocarbon observations in different soil types show that SOC decomposition rates decrease with depth, with residence times of years to decades at the soil surface to over 10 000 years at 1 m deep (e.g., Torn et al., 2002) . There are many competing hypotheses for this steep decline in SOC turnover with depth. They can be grouped loosely into physical-chemical accessibility, energetic limits to microbial activity, microclimate and pH, and physical disconnect between decomposers and substrate. While all of these mechanisms control deep SOC cycling, data are lacking for unraveling their relative importance in different soils under different environmental conditions. This is, however, critical knowledge for predicting soil responses to global change, because fairly rapid loss (or gain) of old and/or deep SOC stocks is possible and more than 80 % of the world's SOC is found below 20 cm depth (Jobbágy and Jackson, 2000) . Currently, the soil modules within Earth system models are parameterized for surface soil and lack mechanisms important for stabilization and losses of deep SOC. Hence, we suggest that a critical challenge is to achieve process-level understanding at the global level and the ability to predict whether, and how, the large stores of deep, old SOC are stabilized and lost under global change scenarios.
As historical pressures and dependence on soils for food and fuel production continue, the coming century brings new, global changes as well. Two of the most widespread impacts of anthropogenic activities on soils in this century will be warmer temperatures ( Fig. 1) and altered plant allocation belowground due to elevated atmospheric CO 2 concentra- Warming is the mean 2080-2100 temperature relative to a 1986-2005 baseline, at 0.01 m soil depth, based on CESM RCP 8.5 (Meehl et al., 2012; map of soil warming from C. Phillips, personal communication, 2014) . The symbols indicate sites that are operational, under construction, or in the planning phase in the International Soil Experiment Network. Any team that is prepared to follow the network principles is invited to join the network. Existing sites (three are operational, two are under construction): (1) U.S. SPRUCE (boreal peatland, Histosol) (see Fig. 2 ), (2) U.S. Hopland (annual grassland, Mollisol), (3) U.S. Blodgett (coniferous forest, Alfisol), (4) Puerto Rico (tropical forest, Ultisol), (5) Panama (tropical forest, soil order has not been determined). Planned sites: (1) Switzerland Lägeren (temperate broadleaf forest, Cambisol). (2) France Lusignan (grassland and cropland, Cambisol). (3) China Haibei (alpine grassland, Cambisol).
tions (Luo et al., 2006) and deposition of reactive nitrogen (Janssens et al., 2010) . The resulting effects on SOC cycling are less certain: warming may increase microbial activity and therefore accelerate SOC turnover (Davidson and Janssens 2006; Conant et al., 2011) , while more plant allocation belowground may increase stocks due to additional inputs or decrease stocks through priming effects (Kuzyakov, 2010; Cheng et al., 2014) . Climate-change impacts will be compounded with growing levels of nitrogen deposition, ozone pollution, and land use and land cover change. Societal reliance on soil ecosystem services, and the threat of large positive climate feedbacks, demands that we understand surface and deep soil responses to global change and how to enhance the resilience of soil systems across the whole soil profile.
The need for deep soil manipulation experiments
To achieve generalizable understanding of soil response to global change, and to test management solutions in realworld conditions, we need controlled experiments that are carried out in situ, consider the whole soil profile, and are at locations spanning a range of conditions. Field manipulation experiments fill a critical niche as complements to natural gradient studies and laboratory incubations. While laboratory studies have been useful for exploring relative responses to different factors, such as temperature, moisture, and nutrients (e.g., Fang et al., 2005; Fierer and Schimel, 2002; Reichstein et al., 2005) , they have substantial artifacts -such as a lack of plants, disrupted soil structure, and fairly constant temperature and moisture -and hence cannot represent the complex interactions occurring in situ that we seek to understand. Natural gradients can provide insights into the influence of different environmental factors on soil biogeochemistry, but they have their own limitations for global change research. For example, most spatial climate gradients are in quasi-steady state, whereas global change impacts are largely a question of transient responses (conversely, experimental manipulations by themselves are often too short to reveal long-term responses; Luo et al. 2011) . Often, factors of interest co-vary, making it difficult to isolate mechanisms or quantify response functions. For example, seasonally warmer temperatures often co-vary with plant leaf area and root exudation, and heat waves often coincide with drought (Williams et al. 2014) .
Field manipulation experiments overcome many of the limitations of laboratory and gradient studies. Controlled manipulations allow key variables to be held relatively constant while others are changed, providing methods to test cause and effect and isolate direct response functions within real ecosystems. Moreover, anthropogenic activity is creating unprecedented conditions, such as hyper-tropical temperatures (Meehl et al., 2012) , that cannot be found in natural gradients. While manipulations involve significant infrastructure and costs, and have artifacts and limitations, they represent an essential approach for understanding soil dynamics (Hanson et al., 2008) . global change because the response of SOC cycling to global change factors depends on environmental conditions that vary spatially as well as with soil depth (e.g., Sanaullah et al., 2012; Gillabel et al., 2010; Plante et al., 2009; Mellilo et al., 2011) . These controls are not well understood, making it difficult to extrapolate results from isolated experiments (Janssens et al., 2010; Davidson and Janssens, 2006) . Moreover, long-term soil warming experiments, for example, show transient increases and decreases in soil respiration and SOC stocks over time, attributed to SOC depletion, changes in plant input chemistry, and microbial acclimation (e.g., Hartley et al., 2007; Bradford et al., 2008; Saleska et al., 2002; Frey et al., 2013) . In general, it is difficult to extrapolate results from one experiment to other locations, and from short-to long-term responses, without much greater understanding of how ecosystem properties shape the responses.
Soil experiments have been conducted in various ecosystems, and some have been coordinated in networks (Table 1) . Nevertheless, meta-analyses of the environmental factors influencing the response of SOC storage and turnover have been hampered by differences in treatments. For example, sites differ in the soil depths manipulated, magnitude of ma-nipulation (even with consistent design, the magnitude of manipulation can be site-dependent), manipulation duration, co-variables manipulated, and measurements made (Bai et al., 2013; Rustad et al. 2001 ). Thus, enhanced support for coordination at the initiation of experiments would be beneficial.
There is a need to integrate experiments in different places to achieve more global coverage for the study of soil responses to global change, such as warming and altered precipitation, extreme climate events, elevated tropospheric ozone concentration, and deposition (Paustian et al., 1995) . The integration of manipulation studies would create new research opportunities to study whole-soil responses -opportunities that would be amplified by effective exchange of data and expertise. Moreover, the implementation of a network of coordinated experimental facilities would allow the productive sharing of knowledge and skills in service of maintaining complex experiments.
Hence, global change research calls for an international network of coordinated ecosystem experiments representing the most important soil regions of the world, spanning a range of soil types, climate, and vegetation zones (Fraser et www.soil-journal.net/1/575/2015/ SOIL, 1, 575-582, 2015 Once sites are established that provide the desired commonalities and contrasts, and operating in a consistent manner, the comparability of measurements and treatments would accelerate our understanding far beyond the current state of the art. This is currently not the case in ad hoc networks. An example is found in the lack of standardization of soil moisture measurements, which was recently reported to hamper a synthesis of ecosystem drought manipulation experiments (Vicca et al., 2012) . Comparability of manipulation infrastructure, treatment levels, and measurements would make samples and results readily comparable. Syntheses of more standardized experiments would enable strong tests of Earth system models, and more precise knowledge of how key processes and parameters vary globally. Collaboration among network participants may also provide financial and intellectual bonuses. For example, if only one group could produce isotopically labeled litter or conduct a high cost or specialized analysis for the entire network, each team could focus their resources to make unique contributions. In addition, the learning experience from existing sites reduces the risks involved in starting up a new site. Science teams can take advantage of support for highlevel networking (e.g., EU COST and U.S. NSF RCN programs), transnational access (e.g., INTERACT), and shared education (e.g., GREENCYCLES and PIRE). Thus, a well-SOIL, 1, 575-582, 2015
www.soil-journal.net/1/575/2015/ established network may enhance funding opportunities, through recognition, leverage, and risk sharing.
Having closely related experiments also allows students and staff trained at one site to transfer their knowledge to new staff at other experiments. This not only provides a pool of expertise that is less volatile than that of single-site experiments, but also allows easier transfer of capabilities to lessdeveloped institutions or countries. Wonderful opportunities for students arise when they have access to multiple sites and facilities because they can interact with multiple investigators and be trained by different groups within the network who excel in different aspects of the network's research. One of the most important outcomes is that the multi-disciplinary nature of the network is likely to train a new generation of students that can integrate knowledge at a much higher level than currently possible.
Well-designed networks are also invaluable to outside collaborators who give added value to the network by conducting novel measurements, testing new methods, and promoting evolution of the network to new and ever-relevant applications.
Site selection for an international network of soil manipulation experiments
Site selection is a critical step in developing a network focused on determining SOC dynamics throughout the soil profile. The history, chemical characterization, and setting (climatic, hydrological, and geological) of sites have to be considered within the framework of the questions the experiments are designed to address. Criteria must be established to define the context and the contrasts desired for experiments, for example how sites differ in soil structure, chemistry, macro elements like C, N, and P, as well as biologically important trace elements. In addition, a set of selected soil profiles that are representative of important soil types, well characterized, and span environmental gradients should be established to serve as benchmarks. Certain land uses or areas of the globe may be high priority, depending on the soil ecosystem services in question. Peatland and permafrost ecosystems contain large carbon stocks that are potentially very vulnerable to global change; arable land is the logical focus for food security research.
Field experiments become even more effective if they can be nested within environmental gradients (Jenny, 1941) , to allow for interaction among factors, space-for-factor substitution, and analysis at different timescales of response.
Soil experiment networks could take advantage of existing observational networks and experimental facilities to find locations with good site characterization, infrastructure, and access to resources. Examples of international field networks having a range of land management and cover, longterm support, and mandates compatible with hosting global change manipulations include: the European infrastructure for analysis and experimentation on ecosystems (AnaEE www.anaee.com/); Critical Zone Observatories (see Banwart et al., 2012 , for an example of nesting manipulations within a CZO network), the Long-Term Ecological Research network; and experiments listed in Table 1 . Field experiments could be linked to facilities like ecotrons and lysimeters (e.g., www.ecotron.cnrs.fr/index.php/en/) for more control over precipitation inputs, soil moisture, and air temperature. We also encourage taking advantage of opportunities for whole ecosystem experiments (Fig. 2) .
Manipulative experiments have fairly substantial logistical and infrastructure requirements, such as requiring line power for soil warming, that will also drive site selection. Thus, in practice, a balance will be struck between selecting sites that leverage existing facilities that create clean environmental gradients and those that are conducive for obtaining funding.
Critical ingredients for network success
Cooperation, transparency, collaboration, and support are the basic elements of a successful network. The concept of the network needs to be well defined but not prescriptive, in other words, goals should be well defined but flexible enough to respond effectively to technological advances and shifting scientific issues and questions. For networks to have their greatest impact, we recommend the following: -Shared data: open data access with fair data use policies.
-Shared opportunities: building trust and collaboration among partners, such as early invitations to collaborate and to contribute to student advising in the network.
-Shared research: scientists working across sites from the very beginning, such as postdoctoral students supported to lay the ground work for synthesis before and as data are generated.
-Shared successes: every network team needs early success, the more-established groups can mentor lessexperienced groups.
-Shared resources and facilities: engineering designs, protocols, databases, analytical facilities, technical coordination, and protocols for meta-analyses.
Networks need multidisciplinary research teams, consisting of scientists as well as engineers, technicians, and data managers. The complex interactions among ecosystem components require the involvement of researchers from many different disciplines. Modeling is important within the network for planning, experimental design, and data management. Modeling conducted before the experiments are implemented can evaluate and improve the sensitivity of the experiments to detect ecosystem changes, including changes www.soil-journal.net/1/575/2015/ SOIL, 1, 575-582, 2015
in replication and duration (Luo et al., 2011 ). Furthermore, model predictions can generate hypotheses to be tested by the network experiments and hence identify needed measurements. Network observations and findings should lead to improvements in model structure and parameters. Technical support is critical to achieving the high scientific potential of an experimental network and to attend to the design, building, day-to-day operation, and maintenance of experiments. A network coordinator ensures that network projects use resources efficiently, avoid duplication of efforts yet make essential measurements, and share data and information. Funding for resources that would be shared internationally, like coordination and database management, can be difficult to sustain but is essential for long-term success.
The international soil experiment network for deep soil warming
As one example of how such a network might operate: we are establishing a new network of soil experiments called iSEN (international Soil Experiment Network; Fig. 1) , guided by the question: what are the effects of global warming on whole soil profile ecosystem services? The structure of iSEN is similar to a franchised business. The network develops the framework of core measurements and manipulations, provides the "recipes" -the protocols for experimental manipulations, basic measurements, and data formats -and the structure for shared resources such as databases. The principal investigator (PI) for each site obtains their own funding and may add experimental manipulations and measurements onto the core framework. The proposed network will define a minimum standard for the protocols and treatments needed to qualify to participate in the network, while allowing individual sites to add treatments reflecting their context. A key benefit of the network is that the data will be comparable across sites, allowing for robust synthesis and meta-analysis. Currently, the proposed core manipulations are warming and the addition of 13 C-/ 15 N-labeled litter with optional water and nitrogen manipulations. Another feature that sets this network apart from other soil experiments (or networks) is that measurements and manipulations will not be limited to only surface soil; our goal is to study responses across the entire soil profile or at least to 1 m. The initial focus is on SOC cycling, but many teams will also examine nutrient dynamics and other questions related to ecosystem services that soils provide. As a network of independent PIs, we envision the network will evolve in membership, protocols, experimental manipulations, and priorities, shaped by new environmental problems and new opportunities.
We envision a network of global scale. Applying the same experimental setup and analytical protocols to various sites will allow for the identification of general patterns in the response of SOC storage and turnover to soil warming and definition of controlling environmental and soil variables. These response functions will facilitate the upscaling of experimental and observational results to larger spatial scales. Improvement in mechanistic understanding of soil processes will be used to improve local soil-profile and Earth system models.
Conclusions
Fluxes of soil carbon to the atmosphere occur globally but are the product of locally controlled processes, and are thus governed by different mechanisms in different ecosystems, with different histories and local conditions. No single supersite, or gradient, can give us the generalizable knowledge that global prediction requires. Instead, networks of experimental manipulations that investigate the whole soil profile, nested in natural environmental gradients, provide the most promising approach to studying global change effects on soil ecosystem services. There are numerous opportunities to leverage existing observational networks to create such gradients.
In general, networks should be based on coordinated longterm experiments, process studies within these experiments, and modeling to underpin and extrapolate results from the experiments. The resulting reduced uncertainty regarding the role of soils as positive or negative feedbacks to global change will improve future climate projections. Finally, with the knowledge gained from such a global network, sciencebased mitigation strategies and solutions for current and future ecological and agricultural challenges could be developed and tested at the network's experimental facilities. As such, soil networks like those proposed here have a unique and important role in advancing soil science for global challenges.
